We investigate the dynamic nuclear polarization (DNP) caused by hyperfine coupling between nonequilibrium electronic spins and nuclear spins in semiconductor nanostructures. We derive the time and position dependence of the resulting hyperfine and dipolar magnetic fields. In GaAs quantum wells the induced nuclear spin polarization greatly exceeds the polarization of the electronic system that causes the DNP. The induced magnetic fields vary between tens of tesla for the electronic hyperfine field acting on nuclei, to hundreds of gauss for the nuclear hyperfine field acting on electrons, to a few gauss for the induced nuclear dipolar fields that act on both nuclei and electrons. The field strengths should be measurable via optically induced nuclear magnetic resonance or time-resolved Faraday rotation experiments. We discuss the implications of our calculations for low-dimensional semiconductor nanostructures.
I. INTRODUCTION
Semiconductor spintronics relies on control of spin degrees of freedom in semiconductors to implement spin-based electronic devices, including spin transistors, spin memory, and quantum information processors. [1] [2] [3] Although many proposed schemes for spintronic devices require manipulating the spins of electrons in semiconductors, nuclear spins offer complementary advantages (including exceptionally long coherence times 4 ). This feature makes control of nuclear spins an attractive approach for temporarily altering the transport of electrons in semiconductor devices (such as a memory component for reprogrammable logic 5 ). For example, in one recent implementation the nuclei in one arm of an electron interferometer were polarized optically, producing a long-lived modification of the interferometer's conductance. 6 Quantum computing's requirements for precision and memory are more stringent than those of other spintronic devices, and include the preparation, manipulation, and measurement of pure quantum states. [7] [8] [9] Nuclear spins provide additional flexibility for quantum computation implementations, since their long coherence times make them desirable for quantum memories, and they can also couple to electronic spins through the hyperfine interaction or to an external oscillating magnetic field by hyperfine control of the nuclear resonant frequency. 8, 9 Control over the nuclear spin dynamics in semiconductor nanostructures can be realized using electronic and optical methods as well as magnetic resonance techniques. Electronic spins are naturally coupled to nuclear spins through the hyperfine interaction, which can permit nonequilibrium populations in one system to drive the other out of equilibrium. For example, optical pumping can generate spin-oriented photoelectrons which then dynamically polarize the nuclear population in bulk semiconductor systems, a phenomenon called dynamic nuclear polarization (DNP). 10, 11 For bulk materials the nuclear spin polarization is strongly affected by nuclear spin diffusion, as initially only electrons localized at impurity sites, and the nuclei they overlap with, will interact to cause DNP. However, the optical pumping technique has also been successfully used to obtain a large nuclear spin polarization in GaAs semiconductor quantum wells (QWs) 12 and quantum dots (QDs). 13 DNP in QWs and QDs can yield larger nuclear spin polarizations than in bulk materials because their geometrical confinement increases the nuclear-electronic overlap. Kawakami et al. 14 used adjacent ferromagnetic layers to regulate DNP and also to "imprint" the magnetization of the ferromagnetic layer on the nuclear spin in n-type GaAs QWs. This phenomena may be due to spin-dependent reflection of initially unpolarized electrons at the semiconductor/ferromagnet interface, 15 and if so, the nuclear spin dynamics can be described within a similar framework as DNP. A flexible method of nuclear spin manipulation, using gate voltages to electrically address a wide distribution of polarized nuclei within an AlGaAs parabolic quantum well (PQW), has also been demonstrated. 16 Gate voltages were used to shift the electron population and thus polarize nuclei to different degrees at various positions in the PQW.
Low-dimensional systems such as QWs and QDs are characterized by a small number of available nuclei, making their investigation with techniques that measure the nuclear dipole fields, such as nuclear magnetic resonance (NMR), very difficult. On the other hand, the natural confinement due to their reduced dimensionality provides a very efficient overlap between the electronic and nuclear systems, meaning that in such systems DNP can lead to higher nuclear spin polarizations and therefore compensate for the small amount of nuclei. These effects have been explored analytically for parabolic quantum wells. 17 In this, and in work on spin relaxation times from the hyperfine interaction, the central physical quantity determining DNP is the electronic local density of states (ELDOS) at the nuclear position. 18 The position dependence of the induced nuclear polarization in semiconductor nanostructures from hyperfine interactions with nonequilibrium electrons depends on the polarization of the electronic population, the length of time the nuclei are in contact with the electrons (before electronic recombination or spin relaxation), the contributions of various nuclear interactions to nuclear spin relaxation, and the temperature. Analytic work 17 found two different regimes, one in the initial stages of the DNP when the nuclear spin polarization depends linearly on time, and another in the late stages of the DNP when the nuclear spin polarization saturates. The time scale of these two regimes is set by the nuclear spin relaxation time. 17 Here we describe the nuclear spin polarizations originating from DNP in other low-dimensional systems and also evaluate the resulting hyperfine and dipolar fields arising from those nuclear polarizations. We focus on numerical calculations for a 200-Å GaAs square QW. The hyperfine magnetic fields are effective fields characterizing the effect of the spin-polarized nuclei on the electrons in the system. The intensity of the hyperfine fields can be evaluated using NMR, for the fields acting on the nuclei (that, e.g., produce Knight shifts), or through time-resolved Faraday rotation (TRFR) experiments, for the fields acting on the electrons (that, e.g., produce Overhauser shifts). On the other hand, dipolar fields are real fields directly related to the local polarization of nuclear spins and their magnetic moments. Such fields are usually much smaller than the hyperfine fields, but their effects should be measurable. Our results are relevant for NMR and TRFR experiments in semiconductor nanostructures. [19] [20] [21] Recent experiments also show the potential for manipulating ensembles of electronic spins with nuclear polarization fields for spatially localized quantum gate operations, 22 using ferromagnetic imprinting of nuclear spins in GaAs; 14 these demonstrations complement nuclear-polarization modulation of the conductance of an interferometer. 6 These experiments dynamically polarize the nuclear spins in bulk GaAs via nonequilibrium electron spin polarization induced either by a nearby ferromagnet or by optical pulses. Although these demonstrations used bulk GaAs, the nuclear polarization effects involved would be considerably more localized and efficient in a quantum well. The suppression of nuclear spin diffusion in the growth direction of a quantum well 20 implies that fewer spin-polarized electrons are required to generate and to maintain a nuclear spin polarization in the quantum well. Furthermore, the use of a quantum well provides additional advantages for a transport-based device, including higher mobility and easier gating of the conductivity. The systems we consider here are GaAs quantum wells, both because more information is available on the nuclear spin dynamics of bulk GaAs than other III-V semiconductors, and also because the preliminary demonstration devices above have been fabricated using bulk GaAs.
We note that both the hyperfine fields and dipolar fields can influence the spin orientation of electrons laterally moving through a quantum well. As the hyperfine interaction is a contact one, the effect of those fields will be on electrons moving through the same quantum well containing the polarized nuclei. For the dipolar field, however, the polarized nuclei will also generate fringing fields that could be used to manipulate the spin orientation of electrons in a second quantum well, displaced in the growth direction from the first quantum well, and whose nuclei are not polarized.
In the next section we present the general equation governing DNP in QWs and extract the nuclear spin polarization for various nuclear species present in the system. Section III presents numerical estimates for the induced magnetic fields (hyperfine and dipolar) in a 200-Å GaAs QW. Section IV provides our conclusions.
II. NUCLEAR SPIN POLARIZATION
Dynamical nuclear polarization was theoretically described by Overhauser 11 for bulk metals. The interaction between nuclear and electronic spins leads to an enhanced nuclear spin polarization. In semiconductor bulk materials such as GaAs, Paget 10 demonstrated that the DNP effect can be enhanced via optical techniques. The same optical pumping technique was successfully used by Berg et al. 23 and by Barrett et al. 24 to polarized nuclei in quasi-two-dimensional semiconductor heterostructures.
The dynamics of the nuclear spin can be influenced also by nuclear spin diffusion effects. The importance of nuclear spin diffusion depends on the structure. Paget 25 showed that nuclear spin diffusion is very important in bulk GaAs, and that it leads to a uniform polarization of the nuclei across the sample. However, often nuclear spin diffusion is unimportant for low-dimensional samples as QWs and QDs, because of gradients in the resonant frequencies of the nuclei that do not permit energy-conserving mutual spin-flip events.
16,26 Below we analyze DNP in the absence of nuclear spin diffusion, a situation which we expect to be realistic for low-dimensional samples.
We start from the hyperfine interaction between electronic and nuclear spins described by the Hamiltonian
where r n indicates the position of the nth nucleus, µ 0 is the magnetic permeability of vacuum, g 0 is the bare electron g factor, g n is the nuclear g factor, µ B is the Bohr magneton, µ n is the nuclear magneton, I and S are the nuclear and electronic spins, r is the electronic spin position, and δ(r) is the Dirac delta function. The hyperfine term in the system's Hamiltonian [Eq. (1)] describes a flip-flop process for both electronic and nuclear spins in which the energy and the total angular momentum are conserved. We will consider the hyperfine interaction to be weak compared to the other terms in the Hamiltonian, and we will use the standard time-dependent perturbation theory to account for its effects. To understand the dynamics of the electronic and nuclear spins governed by the hyperfine interaction, we consider the system to be in a small external magnetic field B 0 (µ 0 g 0 B 0 k B T , with k B the Boltzmann constant and T the temperature), which partially orients the spins. We assume fast dephasing of the electronic orbital information in the process; this permits us to neglect spin splitting of momentum states in the electronic structure. Such electronic dephasing times (∼100 fs) are much shorter than the nuclear times considered here. The electronic spin polarization is the same everywhere, described by the spin-up and spin-down numbers N + (parallel to the applied field) and N − (antiparallel to the applied field), respectively. On the other hand, the nuclear system will develop a positiondependent polarization described by a nuclear-level-dependent population. The hyperfine interaction will act to relax the nonequilibrium polarization of both the electronic and the nuclear spins.
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Using energy conservation and angular momentum conservation one can derive two time-dependent differential equations to describe the flip-flop process,
and
Here
, with M m (r n ) the nuclear population on the mth nuclear spin level (m = I,I − 1, . . . , − I , I is the nuclear spin quantum number), and D 0 and 0 (r n ) are their thermal equilibrium values. Note that in the case of a weak external magnetic field (r n ) will be m independent. Although such a result is valid only for weak external magnetic fields, the final general result of our calculation stands even if this condition is not satisfied (as in Ref. 11) . The electronic (T 1e ) and nuclear (T 1n ) spin relaxation times originating from the hyperfine interaction are given by (see Refs. 18 and 27)
where β e = g 0 µ B , β n = g n µ n , A e (r n ,ε) is the ELDOS, T is the temperature, and f FD (ε) is the Fermi-Dirac distribution function. The ELDOS at the nuclear position r n is
where l labels the state, E l its energy, and ψ l (r n ) its wave function at the nth nucleus. Equations (2) and (3) can be combined to obtain a general equation for the nuclear spin dynamics:
whereÑ = drdεA e (r,ε)f FD (ε). The above equation describes the nuclear spin dynamics due to the hyperfine interaction.
The nuclear spins will also relax toward their equilibrium polarization due to other mechanisms, including interactions with phonons, impurities, electrons, and other nuclei. Such interactions should be part of the nuclear spin dynamics equation, and they can be included if in the first term in the right-hand side (rhs) of Eq. (7) we replace 1/T 1n (r n ) with 1/T 1n (r n ) + 1/T n , where T n represents the nuclear spin relaxation time due to additional relaxation mechanisms. Note that such a replacement is not appropriate for the second term in the rhs of Eq. (7).
In DNP, spin-polarized electrons created by absorption of polarized light or electronic spin injection 26 will transfer their polarization to the nuclear spins via the hyperfine interaction.
The electronic polarization D is kept constant due to a continuous resupply of spin-polarized electrons. Under such conditions we can consider the last term in Eq. (7) to be independent of time, and obtain for the time-dependent nuclear polarization
where
represents the induced nuclear spin polarization due to the hyperfine interaction. In general, the nuclear spin polarization due to an external magnetic field 0 (r n ) is uniform (and for standard fields used in the laboratory is less than 1%), thus the dominant nuclear polarization comes from the hyperfine interaction. Two different temporal regimes can be identified in Eq. (8) . First, in the initial stages of the DNP process (t T min , with T min = min [T 1n ,T n ]), the nonequilibrium nuclear system magnetization is due only to the hyperfine interaction, and can be approximated as
In general, at low temperatures where the DNP process is efficient, the relaxation mechanism due to the hyperfine interaction dominates, making T 1n shorter than T n . Accordingly, in the initial stage of the DNP process, (r n ,t) ∝ |ψ l (r n )| 4 t,
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a value which should be identifiable in the full width at half maximum (FWHM) of the nuclear spin polarization. On the other hand, in the regime t T min , the nuclear system magnetization is due to both the hyperfine interaction and the diffusion of nuclear spin polarization. However, if the nuclear spin diffusion can be neglected, the induced nuclear spin polarization from the hyperfine interaction will saturate at a value (r n ,t) = 0 (r n )
As expected, in this limit, the FWHM will not depend only on the electronic wave function |ψ l (r n )| 4 , but also on the additional nuclear spin relaxation time T n . Our calculations do not account for nuclear spin diffusion effects. Due to the redistribution of the nuclear population among the available nuclear levels, additional optically induced magnetic fields will act both on the nuclear and electronic populations. Such fields will produce shifts in the resonant frequencies of both the nuclear and electronic spin systems.
Although experimental data point to the lack of nuclear spin diffusion in QWs and QDs, 16, 26 such effects may be important under certain conditions, especially in the long-term dynamics of the system. If proven to be effective, nuclear spin diffusion will eventually lead to a uniform nuclear spin polarization across the well, as well as a finite nuclear spin polarization in the barriers. 71 Ga nuclei and (b) 75 As nuclei (T n = 600 s, T = 5 K, and D = 50%).
We consider a square 200-Å GaAs QW to exemplify the temporal dynamics of DNP. For a QW structure the electronic dispersion relations are quasi-two-dimensional, and the total electronic wave function is a product between an envelope function φ(z) and a Bloch function u(r),
Based on this assumption the ELDOS is
where N 2D is the density of states for a two-dimensional electron gas and (z) is the Heaviside step function. In the following we will consider a GaAs square QW (L = 200Å) confined within Al 0.35 Ga 0.65 As barriers. The value of the electronic Bloch function was evaluated for bulk GaAs semiconductors as |u(r n )| 2 = 5.8 × 10 25 cm −3 for 69 Ga and 71 Ga nuclei and |u(r n )| 2 = 9.8 × 10 25 cm −3 for 75 As nuclei. 10 The particular geometry of QW systems is not expected to influence the value of these Bloch functions. However, it was observed in a PQW 18 that the Bloch function at the Ga nuclei is |u(r n )| 2 = 5.2 × 10 25 cm −3 , a value which is not very different from the bulk value. We have used the bulk Bloch function for the As nuclei 10 and the one reported in Ref. 18 for the Ga nuclei when evaluating the ELDOS. The electronic density of states and the envelope functions have been evaluated using a 14-band k · p calculation. 28 We assumed that only the first conduction subband is occupied. The electronic spin polarization as a result of optical pumping, estimated to be D = 50%, greatly exceeds the electronic polarization in thermodynamic equilibrium D 0 . The additional nuclear spin relaxation time for both the Ga and As nuclei is of the order of T n = 600 s and was assumed to be independent of temperature. 29 The effect of DNP can be measured with NMR or TRFR experiments, through a measurement of the induced nuclear spin polarization,
For a NMR experiment the absorption of microwave radiation is proportional to P 1 , whereas for TRFR the precession frequency of the electronic spins is also proportional to P 1 . For nanostructured materials P 1 will be position dependent as nuclei in different regions of the sample will overlap differently with the electronic population. Figure 1 presents the time and position dependence of the nuclear spin polarization P 1 (r n ,t) for 71 Ga and 75 As nuclei for D = 50% and T n = 600 s. The linearly time-dependent and the saturation temporal regimes of the nuclear spin polarization are both clearly identifiable. Due to a larger nuclear spin relaxation time from the hyperfine interaction, the expected saturation of the nuclear spin polarization occurs faster for As nuclei. Figure 2 presents the saturated induced nuclear spin polarization P 1 (r n ,t → ∞) as a function of position across the GaAs QW for several temperatures. For partially polarized electrons (D = 50%) the induced nuclear spin polarization in the QW can be as high as 80%, decreasing drastically at the sides of the well material. No polarization of the barrier's nuclei is present, as the probability to find electrons in the Al 0.35 Ga 0.65 As barriers is small, and thus DNP is not efficient in these regions. Also, the nuclear spin polarization decreases as the temperature increases, making the DNP process effective only at low temperatures.
In Fig. 3 we present the position dependence of the saturated induced nuclear magnetic field for different values of the additional nuclear spin relaxation time T n , assuming only the first conduction subband is occupied. The FWHM of the induced nuclear spin polarization is strongly dependent on the additional relaxation mechanisms involving the nuclear spin. At low temperatures, where most of our calculations are performed, the dominant nuclear spin relaxation mechanism is the hyperfine interaction, and the measurement of additional nuclear spin relaxation times is very difficult. The T n values we explore in our plot are randomly selected for a better understanding of the role of this parameter in the DNP. However, as presented in Ref. 29 , a realistic value of the additional nuclear spin relaxation times can be obtained by extrapolation of high-temperature NMR experimental results. Such times are in the range of 10 3 s, and are independent of temperature below room temperature.
Another important parameter in the induced nuclear spin polarization is the nonequilibrium electronic spin polarization D. For optical experiments the nonequilibrium electronic spin polarization is caused by spin selection rules for the absorption of circularly polarized light, and in bulk GaAs D can be as high as 50%. For a quantum well, near the band edge, the spin selection rules are even stronger, permitting a D ∼ 100%. Figure 4 showcases the effect of this parameter on the DNP. In the range of high temperature and small applied magnetic fields B 0 , there is a linear dependence of the induced nuclear spin polarization on the initial electronic spin polarization D. However, as the effects of DNP become more and more relevant, the dependence of P 1 on D becomes more complicated. This situation is clearly seen in Fig. 4 , where there is little difference in the P 1 for D = 50% and for D = 100%. Even for a low electronic spin polarization (D ∼ 10%) there is still a 20% induced nuclear spin polarization as a result of the DNP.
For the situations explored in Figs. 2-4 , if higher-energy electronic subbands are occupied, the position dependence of the saturated nuclear spin polarization will change as the electronic wave function have a different position dependence across the QW. For example, when the second conduction subband is occupied, the profile of the electronic wave function changes from a single centered peak coming from the first electronic subband wave function to a double peak with a wider profile across the QW. Accordingly, the nuclear spin polarization will follow a similar position dependence across the QW. A similar effect was discussed in connection with the nuclear spin relaxation time due to the hyperfine interaction in Ref. 18 .
III. HYPERFINE AND DIPOLAR MAGNETIC FIELDS

A. Hyperfine magnetic fields
The effects of the hyperfine interaction on both nuclei and electrons can be understood if we consider the average over the orbital coordinates of the electron of the hyperfine interaction Hamiltonian
where |ψ(r n )| 2 represents the value of the first conduction subband electronic wave function at the nucleus at r n . The matrix elements of the hyperfine interaction can be interpreted as due to the presence of effective magnetic fields acting on electrons and nuclei, respectively.
The interaction of electrons with the hyperfine magnetic field created by nuclei B n hf can be determined if we rewrite the matrix elements of the hyperfine interaction hamiltonian as
hf , a relation which allows us to identify the positiondependent nuclear hyperfine magnetic field as
Here g * is the effective electron g factor, α labels all nuclear species in the system, g nα is the nuclear g factor for the α nucleus, φ(z) is the electronic envelope function for the first conduction subband, u α (r n ) is the electronic Bloch function at the α nucleus, and I α (z) is the average nuclear spin polarization corresponding to each of the nuclear species α. In general, the value of the effective electronic g factor will depend on the geometry (width) of the square QW. 30 For a 200-Å GaAs square QW this value was experimentally extracted to be very close to the bulk value of the effective electronic g factor, namely, g * = −0.44. The possible nuclear species presented in the GaAs QW are 69 Ga at a concentration of x 1 = 60.1%, 71 Ga at a concentration of x 2 = 39.89%, and 75 As at a concentration of x 3 = 100%. Their corresponding nuclear g factors are g n1 = 2.0166, g n2 = 2.5623, and g n3 = 1.4395, respectively. Each of the three nuclear species will be characterized by a different value of the electronic Bloch function. Also they will have different average nuclear spin polarizations resulting from DNP. Figure 5 presents a quantitative plot of the induced hyperfine nuclear magnetic field B n hf (r n ), as a function of position across the QW, for a saturated nuclear spin polarization. The time dependence of the hyperfine nuclear magnetic field follows the time dependence of the induced nuclear spin polarization. In bulk materials the induced nuclear spin polarization is considered to be constant at all nuclei, and accordingly the position dependence of the hyperfine nuclear magnetic fields is related only to the position dependence of the electronic envelope function. 10 In low-dimensional systems such as QWs and QDs, the position dependence of such fields is due to both the electronic envelope function and the nuclear spin polarization. Accordingly, the profile of the hyperfine nuclear magnetic field (see 2 (z), but has a more complicated position dependence, i.e., ∼φ 2 (z)/[1 + Cφ 4 (z)], C being a constant. This fact will be relevant for the value of the FWHM. The value of the hyperfine nuclear magnetic field is of the order of a few hundred gauss and will lead to Overhauser shifts in resonant frequencies of the order of GHz.
The interaction of nuclei with the hyperfine magnetic field created by electrons B e hf can be considered if we rewrite the matrix elements of the hyperfine interaction as g n µ n B e hf . This relation allows us to identify the position dependence of the electronic hyperfine magnetic field
Due to different values of the electronic Bloch function corresponding to different nuclear species, the value of the electronic hyperfine magnetic fields will depend on the nuclear species. Accordingly, we will calculate two different fields, for Ga and As nuclei, respectively. The average electronic spin polarization S resulting from optical pumping is assumed to be independent of position across the QW structure. The main consequence of such an assumption will be that the profile of the electronic hyperfine magnetic fields will be a function only of the electronic envelope function, unlike for nuclear hyperfine magnetic fields, where a more complex position dependence was calculated. Figure 6 presents the saturated electronic hyperfine magnetic field for both Ga and As nuclei as function of position across the QW. Again, the time dependence of this magnetic field will be related to the DNP time dependence. The value of the FWHM will depend only on the value of the electronic envelope function, i.e., on the value of the electron density. Such a result suggests that the electron density in the square QW can be directly extracted from NMR experimental data. The value of the electronic hyperfine nuclear field is in the range of tens of tesla, leading to NMR frequency shifts in the GHz region. The ratio of the electronic and nuclear hyperfine FIG. 6 . The position dependence of the saturated induced hyperfine electron magnetic field in the GaAs QW acting on Ga nuclei (full line) and As nuclei (dotted line) (T n = 600 s, T = 5 K, and D = 50%). magnetic fields is of the same order of magnitude as the ratio of the Bohr and nuclear magneton.
We note that the ∼30 mT fields associated with the hyperfine fields from the nuclei acting on the electrons would be sufficient to cause the spins of electrons laterally moving through such a structure to precess at a frequency of ∼1 GHz. Use of such regions in a spatially modulated fashion could be used to perform complex spin operations on a moving ensemble of spins in a semiconductor device.
B. Dipolar magnetic fields
Another important effect of the induced nuclear spin polarization is the presence of an induced local dipolar nuclear magnetization M ind , defined as
where α labels the nuclear species. As a result an additional, position-dependent, dipolar nuclear magnetic field will be present. To calculate the induced field, we consider the dependence of the nuclear relaxation time on the growth direction, 18 and we assume that at each nuclear position z n we have a uniformly magnetized plane at that nuclear position. The dipolar field from the nuclei is
where µ 0 represents the vacuum permeability, µ n the nuclear magneton, and M α ind (r) the total induced nuclear magnetization in the unit cell situated at position r. This magnetic field will act both on the nuclei and the electrons. A simple calculation show that B d (r n ) ∼ ind (r n ), and as a result the time and the position dependence of the dipolar nuclear magnetic field can be extracted from Eqs. (8) and (9) . The nuclear dipolar field profile across the QW structure will depend on the position dependence of the nuclear spin relaxation time due to the hyperfine interaction and additional nuclear spin relaxation times due to other mechanisms. These dependencies are similar to those of the nuclear spin polarization profile. Figure 7 presents the position dependence of the saturated nuclear dipolar field. The value of the induced dipolar field is of the order of a few gauss, much smaller that the induced hyperfine fields. Such fields will be responsible for frequency shifts in the MHz region for the electronic system and in the kHz region for the nuclear system. However, under certain conditions such fields should give a measurable effect. We believe their effects should be observable in TRFR experiments, as the induced nuclear hyperfine magnetic fields are just two orders of magnitude bigger than the induced dipolar fields.
The dipolar fields are considerably smaller than the hyperfine fields, yielding precession frequencies only ∼20 MHz for a semiconductor device. However, these effects can also be generated in quantum wells that are electrically isolated from the quantum well with polarized nuclei. Furthermore, the fringing fields from an artificially generated inhomogeneously polarized region of nuclear spins could be used to modulate the transport in other materials entirely, including in some organic films that are very sensitive to magnetic fields of this size. 31, 32 
IV. CONCLUSIONS
For low-dimensional systems we calculated the dynamics of the nuclear spins for optical pumping of the electronic population. The resulting nuclear spin polarization is both time and position dependent. In the initial stage of the polarization process, the induced nuclear polarization is linearly dependent on time. In the saturation region of the DNP process, the nuclear spin polarization saturates and is time independent.
The position dependence of the induced nuclear spin polarization is a function of the electronic confinement in the electronic material, various relaxation mechanisms of the nuclear spin, and the nonequilibrium electron spin polarization as resulting from optical pumping. The resulting calculated position dependence of the hyperfine fields, nuclear and electronic, and of the nuclear dipolar field are all different. The position dependence of the electronic hyperfine field will depend only on the position dependence of the electronic density across the system. On the other hand, for the nuclear hyperfine field the position dependence will be influenced by both the electronic density across the system and the position dependence of the induced nuclear spin polarization as a result of the DNP. The position dependence of the nuclear dipolar fields will depend on the position dependence of the nuclear spin relaxation rates from the hyperfine interaction and also on the value of additional nuclear spin relaxation rates due to other relaxation mechanisms. The DNP effect provides the potential to manipulate nuclear spins in semiconductor nanostructures, making the nuclear spins an important constituent of possible new spintronic devices.
As an example we calculated the effects of the DNP in a 200-Å GaAs QW. The nuclear spin polarization can be as high as 80% at T = 5 K for an initial electronic spin polarization of 50%. The nuclear spin polarization is position dependent and depends also on temperature, being strongly reduced as the temperature increases. In a square GaAs QW we calculated magnetic fields, which vary from tens of tesla for the electronic hyperfine magnetic field, to hundreds of gauss for the nuclear magnetic hyperfine field, and to a few gauss for the nuclear dipolar field.
